Introduction {#sec1}
============

Performance monitoring plays an important role in the adaptation of behavior ([@ref63]). A mediofrontal event-related potential (ERP) component, the error (related) negativity (Ne or ERN; [@ref22]; [@ref29]), has been described as a neural correlate of error processing. It evolves within 100 ms after an error response and is generated in the anterior cingulate cortex (ACC; [@ref20]). According to the reinforcement learning theory of the ERN ([@ref31]), dopamine (DA) neurons disinhibit neurons in the ACC when an unexpected error occurs, giving rise to the ERN or, in the case of error feedback, the feedback-related negativity (FRN; [@ref49]; [@ref28]). For both error and feedback processing, corresponding ERP components have been identified when participants observe the behavior of others. Observed errors are associated with an observer ERN (oERN; [@ref50]; [@ref64]; [@ref34]), negative feedback given to an observed person elicits an observer FRN (oFRN; [@ref65]; [@ref9]), and sources in the ACC contribute to both components ([@ref50]; [@ref36]).

While such overlapping brain activations for the experience of emotional states and the observation of these states in others are seen as a hallmark of empathic brain responses ([@ref10]; [@ref43]), the relation between the electrophysiological indices of the monitoring of observed performance and trait empathy is mixed ([@ref27], [@ref1a]; [@ref35], [@ref36]; [@ref38]; [@ref61]; [@ref55]; [@ref62]; [@ref51]). To gain new insights into the determinants of this relationship is the main motivation for the present study.

It has been argued that the processing of observed responses and their outcomes depends on a number of factors such as task and context ([@ref34]), involving multiple cognitive and affective processes, only some of which may be affected by empathy. For example, concerning the outcomes of others' actions, [@ref47]) suggested that the neural response is determined by two processes: an 'empathic' one related to the consequences for the observed person and a self-centered one related to the consequences for the observer. The empathic process, as reflected by the oFRN, is stronger in a cooperative context and for higher levels of perspective taking ([@ref35], [@ref36]), which is considered a cognitive component of empathy ([@ref59]). Moreover, brain activity in the ACC has been shown to code for other's rewards ([@ref4]; [@ref15]), and in individuals with high levels of emotion contagion, which reflects a basic empathic process, the gyral ACC specifically predicted others' rewards ([@ref44]). While empathic processes thus appear to facilitate reward prediction from another's perspective, a strong tendency to focus on others can also lead to impairments in learning from other's actions for one's own benefit ([@ref38]).

Predictions also play an important role when simple actions are observed. As revealed by predictive eye movements, observers generate hypotheses about upcoming actions ([@ref25]; [@ref2]; [@ref17]; [@ref21]). In line with this assumption, we found that a mediofrontal negative ERP component in the time window of the oERN was most pronounced for unexpected observed actions ([@ref37]), possibly reflecting the processing of an action prediction error ([@ref12]). Similar to [@ref4]) who investigated the processing of other's outcome prediction errors, we used a false-belief task to dissociate task-related knowledge in the observer and the observed person ([@ref37]). False-belief tasks are thought to require theory of mind and perspective taking (e.g. [@ref24]; [@ref11]; [@ref56]). As unexpected correct responses were errors from the observed person's perspective in our task ([@ref37]), it is conceivable that perspective taking enabled our participants to process correct responses as vicarious errors in the false-belief condition. On the other hand, findings by [@ref44]) hint at the importance of affective empathic processes for ACC-driven prediction processes.

The present study thus aimed to elucidate the relationship between trait empathy and action observation. We hypothesized that both affective and cognitive empathy contribute to the generation of predictions about other's upcoming actions and thus to the processing of these actions in a false-belief task. In addition to the mediofrontal ERP component, we also analyzed response-locked theta power in the frequency domain. Theta has been shown to be enhanced for the processing of own and observed errors (e.g. [@ref16]; [@ref54]) and is believed to reflect general cognitive control processes during performance monitoring ([@ref13]).

Materials and methods {#sec2}
=====================

Participants {#sec3}
------------

Fifty healthy young women with a mean age of 23.8 years (SD = 3.0, range 19--32) took part in this study. Power calculations for mixed model analyses (see below) are not straightforward ([@ref48]), and there was no available evidence from studies with comparable design, research question and analysis procedure on which we could base an educated guess of the effect size. Therefore, the sample size was only approximated based on the previous studies from the performance monitoring or decision-making domain, in which the effect of a categorical (instead of continuous, see below) between-subjects factor on two within-subjects factors was tested. A sample size of 20--30 participants per group, and thus 40-- 60 in total, is usual for such studies (e.g. [@ref7]; [@ref46]; [@ref5]), und we thus decided to test 50 participants. Out of these participants, 46 reported to be right-handed and four left-handed. Exclusion criteria were a history of psychiatric or neurological disease and any regular medication affecting the central nervous system, as assessed by self-report. All participants had normal or corrected to normal vision and received a reimbursement of 15€ for their participation in the study. The procedures were in accordance with the Declaration of Helsinki, and the study was approved by the ethics committee of the Faculty of Mathematics and Natural Sciences at Heinrich Heine University, Düsseldorf, Germany.

Experimental task {#sec4}
-----------------

We applied a variant of an experimental task that we used in a previous, related study (see [@ref37]). The task involves the observation of another person's choice actions on a computer screen. The study participants were asked to observe the actions carefully. The observed person in the present study was always a woman, and she was introduced with a picture and a name on the screen. In fact, however, the observed person was only virtual, and the performance that the participant observed was a pre-determined one. Stimulus timing and response recording were controlled with the software Presentation (Neurobehavioral Systems Inc). According to the instructions, the observed person engaged in the Two Shell Game, where she was asked to guess under which of two 'shells' a 'ball' was hidden. Only the hand of the observed person was visible, which held a joystick in the lower center of the screen (see [Figure 1](#f1){ref-type="fig"}). The observer could always see the ball in one of the shells, but she was told that the observed person could not see the ball from her perspective. After the shells rapidly changed positions via rotating movements, the observed person indicated with a joystick movement on which side she thought the ball was hidden (left or right). As the rotating movements were easy to follow, the observer should expect that the observed person would choose the correct position. Importantly, the observers were instructed that the observed person was 'tricked' on some trials, where the ball swapped shells during the rotation movements ('trick' condition, as opposed to the 'no trick' condition). The swapping could be detected by the observers, but according to the instruction, not by the observed person, so that the observers should expect an error by the observed person. The task can thus be considered as a false-belief task, because the observer had privileged task-related knowledge.

![Sequence of events in the 'no trick' and 'trick' trials. The observers saw the ball and its location in one of the 'shells' during the whole trial. In the 'trick' condition, the ball was swapped between 'shells', which could be seen by the observers, but not by the observed person, according to the instruction.](nsaa009f1){#f1}

In total, the task consisted of 468 trials. In 48 randomly interspersed trials (24 for the 'trick' and 'no trick' conditions, respectively), the 2 shells stayed on the screen for 400 ms after the rotation movements were completed and no response was observed. The observer participants were then prompted to indicate where they thought the observed person would move the joystick by pressing the left or right CTRL key of a computer keyboard. With these trials, the expectancy of the observers concerning a particular response could be assessed.

From the remaining 420 (non-prompt) trials, 50% were 'no trick' and 50% were 'trick' trials. For each trial type, the choices by the observed person were as often objectively correct as they were erroneous. Thus, there were 105 trials for each of the 4 conditions 'trick' correct, 'trick' error, 'no trick' correct and 'no trick' error.

EEG recording {#sec5}
-------------

While the participants completed the experimental task, EEG data were recorded at a sampling rate of 1000 Hz from 29 scalp sites using active silver/silver-chloride electrodes attached in accordance with the international 10-10 system. Electrode positions were F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, PO9, O1, Oz, O2 and PO10, with an electrode at FCz serving as online reference. For recording, a 32-channel actiCAP electrode cap (ActiCAP; Brain Products GmbH, Germany) was used. Horizontal eye movements were assessed with an electrode placed next to the outer canthus of the left eye. Blinks and vertical eye movements were recorded by an electrode positioned at Fp1 and thus above the left eye. The BrainVision Recorder software, version 1.20 (Brain Products, Munich, Germany), was used for the recording of the data. The impedances were lower than 10 kΩ.

Assessment of empathy {#sec6}
---------------------

Trait empathy was assessed using the German version of the Cambridge Empathy Scale, a self-report questionnaire that yields the so-called empathy quotient (EQ; [@ref6]), based on the summed scores of the 40 relevant items. In order to explore if specific empathy components are particularly important for the processing of observed actions, we additionally applied a German short version ([@ref53]) of the Interpersonal Reactivity Index (IRI; [@ref18], [@ref19]), which consists of four subscales with four items: fantasy, perspective taking, empathic concern and personal distress. For each participant, we added up the fantasy and perspective taking subscores as a measure of cognitive empathy and the empathic concern and personal distress subscores as a measure of affective empathy (see e.g. [@ref58]).

Data analysis {#sec7}
-------------

### Behavioral data {#sec8}

The responses of the observer participants in the prompt trials were analyzed by determining a) the percentage of trials in which correct responses were expected in the 'no trick' condition and b) the percentage of trials in which error responses were expected in the 'trick' condition. Concerning the statistical analysis, we first aimed to verify that our experimental conditions successfully induced specific expectations of a certain observed response. For this purpose, one sample *t*-tests were used to compare the expectancy measures derived from each condition (see above) with a value of 50%, which would indicate no specific expectation concerning the type of response (error or correct). Then the expectancy measures were compared between conditions by applying a paired *t*-test (applying the software IBM SPSS statistics, version 23). No further analyses of a potential relationship between expectancy and empathy were performed, because in both the 'trick' and the 'no trick' conditions, the expectancy values were very high, with low interindividual variability and a strongly left-skewed, non-normal distribution.

### EEG data {#sec9}

The analysis of the EEG data focused on an ERP component time-locked to the observed response that was described in a previous study by our group ([@ref37]). In addition, the induced theta power following the observed responses was analyzed (see the [supplementary materials](#sup1){ref-type="supplementary-material"}). BrainVision Analyzer software (version 2.1, Brain Products, Munich, Germany) and MATLAB (MathWorks, Natick, Massachusetts) were used for the analyses.

At first, the data were re-referenced to linked mastoids, and the data for electrode FCz were reconstructed. Then a global direct current detrend procedure was applied to correct for drifts: Then a 20 Hz low-pass and a 0.5 Hz high-pass filter were applied to the EEG data. An independent component analysis (ICA) was applied to a 240 s excerpt of each participant's EEG data (starting 120 s after the start of the experiment) from the 29 scalp recording sites in order to identify (a) component(s) reflecting eye blinks. The 240 s interval was long enough for several eye blinks to occur in each participant. ICA components were considered to represent blink artifacts if they represented a symmetrical, frontally pronounced positivity in the signal. A back transformation was then performed to remove the identified component(s) from all the raw data, thus correcting for eye blinks. Epochs of 800 ms length were created, starting from 200 ms before to 600 ms after the observed joystick movement. A baseline correction relative to the 200 ms before the observed response was applied. Segments with voltage steps of more than 50 μV/ms, amplitude differences between the maximum and minimum value of more than 100 μV or less than 0.1 μV and with absolute amplitude values above 100 μV were excluded. In the final step, the average ERPs were calculated separately for the four conditions 'trick' correct, 'trick' error, 'no trick' correct and 'no trick' error at each electrode. In accordance with our previous study ([@ref37]), we quantified a negativity in the ERP calculating a peak-to-peak amplitude. As the negativity was most pronounced in a frontocentral electrode cluster, the signal was pooled across the electrodes Fz, FC1, FCz, FC2 and Cz. Then the maximum negative peak in the time window between 250 and 420 ms after the observed response was determined in the pooled signal. The maximum positive amplitude in the preceding time window between 130 ms, and the negative peak was subtracted from the negative peak.

To examine the relationship between trait empathy and neural indices of action observation, we applied linear mixed effects (LME) analyses. This approach allowed us to define models in which one or more continuous predictor variable(s) such as the different empathy measures (see above) and the two categorical factors trial type and choice accuracy interact to predict an outcome variable. Specifically, we conducted two separate LME analyses in order to explore in how far different aspects of empathy affect the processing of the observed actions, alone or in interaction with the categorical factors. In the first LME analysis, we specified a model that included as fixed-effect predictors the continuous factor EQ sum score (mean-centered) and the categorical factors trial type (recoded as +1 = trick, −1 = no trick) and choice accuracy (recoded as +1 = correct, −1 = error), as well as their interactions. The model included the amplitude of the negative mediofrontal ERP component as a dependent variable and the participants as a random-effect factor.

Then we explored if affective and/or cognitive empathy affect(s) the processing of other's actions. In a second LME analysis, we thus defined a model including the same categorical predictor variables and random-effect factors as described above, but we specified the cognitive and the affective empathy scores derived from the IRI as two continuous factors (mean-centered). These two measures are considered to reflect independent aspects of empathy (e.g. [@ref58]), and they did not correlate significantly in our sample of participants (*r* = 0.106; *P* = 0.465). The latter is a pre-requisite for entering two continuous fixed-effect predictors into one LME analysis. Both analyses were conducted by using the lme4 statistical package (version 1.1-18) in the R environment (version 3.5.1). Following the approach suggested by [@ref45]), in each LME analysis, the model was estimated by using a restricted maximum likelihood approach, and the R package lmerTest (version 3.0-1, [@ref40]) was applied for evaluating significance by using Satterthwaite approximation for the degrees of freedom. This approach has been shown to produce acceptable Type I error rates and to be less sensitive to the sample size compared to other approaches, without a noticeable loss of power ([@ref45]). As we conducted two LME analyses involving different, but related measures of empathy (the EQ sum score correlated significantly with cognitive empathy, *r* = 0.449; *P* = 0.001, but not with affective empathy, *r* = 0.061; *P* = 0.673), we applied a Bonferroni correction to the threshold of statistical significance and set it to *P* \< 0.025.

One participant had to be excluded from the analysis of the ERP data because no peaks could be detected in or near the time windows for the analysis (see above). Furthermore, we tested the data entered into each of the two LME analyses for statistical outliers on the participant level by using the R package influence.ME ([@ref52]). Five participants with a Cook's distance value above the cutoff calculated as 4/(*n*-*k*-1), with *n* = number of participants and *k* = number of factors, were identified as influential data points in at least one of the tested models and therefore excluded from all analyses for the frontocentral negativity in the ERP. Thus, both LME analyses for the negative mediofrontal ERP component were conducted with a sample of 44 participants. Corresponding LME analyses with the same models, factors and threshold for statistical significance were conducted for theta power (see [supplementary materials](#sup1){ref-type="supplementary-material"}).

Results {#sec10}
=======

Behavioral data {#sec11}
---------------

On average, the participants expected a correct response by the observed person in 84.5% (SD = 16.8%) of the prompt trials of the 'no trick' condition and an error response in 88.4% (SD = 16.2%) of the prompt trials of the 'trick' condition. Both values differed significantly from chance (50%), indicating that the participants indeed expected particular responses in both conditions, *t*(49) = 14.513, *P* \< 0.001, *d* = 2.054 ('no trick') and *t*(49) = 16.754, *P* \< 0.001, *d* = 2.370 ('trick'). The strength of the expectations for error responses in the 'trick' condition and for correct responses in the 'no trick' condition did not differ significantly (*P* = 0.106).

EEG data {#sec12}
--------

[Figure 2](#f2){ref-type="fig"} shows the grand average waveforms (based on the 44 participants entering the LME analyses) of the ERPs following observed correct and error responses in the 'no trick' and 'trick' conditions, as well as the topographies of the mediofrontal negative ERP component for error responses in the 'no trick' condition and correct responses in the 'trick' condition. The topographies show that the negativity is largest at the five mediofrontal electrode sites for which the data were pooled.

![In the upper panel, the grand average ERPs time-locked to erroneous and correct responses in the 'no trick' and 'trick' conditions are displayed (pooled for the electrode positions Fz, FC1, FCz, FC2 and Cz; see Methods section). The lower panel shows the topographies of the ERPs for error responses in the 'no trick' condition and correct responses in the 'trick' condition, relative to the preceding positive peak.](nsaa009f2){#f2}

The first LME analysis tested the effects of the continuous predictor variable EQ sum score and the two categorical factors trial type and choice accuracy. This analysis revealed that all main effects as well as the choice accuracy by EQ sum score and the trial type by EQ sum score interactions were not significant (all *P* \> 0.077; for parameter-specific *t*-tests see also [Table 1](#TB1){ref-type="table"}). The interaction between trial type and choice accuracy approached significance, *F*(1,126) = 4.964, *P* = 0.028 (see Methods section for information on Bonferroni correction of the threshold for statistical significance). On average, the amplitude of the negative ERP component for errors in the 'no trick' condition was −3.91 μV (SD = 1.63 μV), while for correct responses, the amplitude was −3.33 μV (SD = 1.57 μV). In the 'trick' condition, the pattern was reversed, with slightly higher (i.e. more negative) amplitudes for correct (mean = −3.64 μV, SD = 1.77 μV) than error responses (mean = −3.58 μV, SD = 1.81). As the two-way interaction was not significant, we did not further resolve it. However, we found a significant three-way interaction, *F*(1,126) = 11.609, *P* \< 0.001 (see also [Figure 3](#f3){ref-type="fig"}). In order to resolve the three-way interaction, we applied simple slope analyses ([@ref42]) by using the R package jtool (version 1.1.1). More specifically, we computed a simple slope analysis, in which we determined the slope of the negative ERP component on choice accuracy at fixed cutoff values of EQ sum score (centered mean ± 1 SD; see [@ref42]) for each level of the predictor trial type (i.e. 'trick', 'no trick'). As also suggested by [Figure 3](#f3){ref-type="fig"}, the amplitude of the negative ERP component was not affected by choice accuracy for lower EQ sum scores, neither in the 'trick' nor in the 'no trick' condition (both *P* \> 0.086). For higher EQ sum scores, the amplitude was significantly modulated by choice accuracy in both trial type conditions, but in opposite directions. In the 'trick' condition, we observed a larger negative ERP amplitude for correct than error responses (*b* = −0.317, *P* = 0.032), whereas in the 'no trick' condition, a larger negative ERP amplitude for error than correct responses emerged (*b* = 0.506, *P* \< 0.001).

###### 

Summary of the estimated linear mixed effects model, with parameter-specific *t*-tests for the main effects of trial type, choice accuracy and EQ sum score and their interactions

                                                    Estimate     Std. error   df        *t*-value    *P*-value     CI 2.5%      CI 97.5%
  ------------------------------------------------- ------------ ------------ --------- ------------ ------------- ------------ ------------
  (Intercept)                                       −3.613       0.222        42        −16.246      \<0.001       −4.049       −3.177
  Trial type                                        0.005        0.073        126       0.066        0.948         −0.138       0.148
  Choice accuracy                                   0.130        0.073        126       1.783        0.077         −0.013       0.273
  EQ sum score                                      0.005        0.024        42        0.216        0.830         −0.042       0.053
  Trial type × choice accuracy                      −0.162       0.073        126       −2.228       0.028         −0.305       −0.020
  Trial type × EQ sum score                         −0.010       0.008        126       −1.306       0.194         −0.026       0.005
  Choice × EQ sum score                             −0.004       0.008        126       −0.487       0.627         −0.019       0.012
  **Trial type × choice accuracy × EQ sum score**   **−0.027**   **0.008**    **126**   **−3.407**   **\<0.001**   **−0.042**   **−0.011**

![Single participants' amplitudes (μV) of the negative mediofrontal ERP component depending on the EQ sum score and the choice accuracy of the observed response (correct in grey, error in black) in the 'no trick' (left panel) and 'trick' (right panel) condition.](nsaa009f3){#f3}

The second LME analysis tested the interaction between trial type, choice accuracy, cognitive and affective empathy. This analysis revealed a consistent pattern of results, with the interaction between trial type and choice accuracy again approaching significance (*P* = 0.035, see above). Concerning the effects of empathy, however, all main and interaction effects including the factors cognitive or affective empathy were not significant (all *P* \> 0.086; see [Table 2](#TB2){ref-type="table"} for a summary of the estimated mixed-effects model, with parameter-specific *t*-tests for all the effects in this analysis). For the results concerning theta power, see the [supplementary materials](#sup1){ref-type="supplementary-material"}.

###### 

Summary of the linear mixed effect model for the negative mediofrontal ERP component including the effects of trial type, choice accuracy, cognitive (Cog) and affective (Aff) empathy and their interactions

                               Estimate   Std. error   df    *t*-value   *P*-value     CI 2.5%   CI 97.5%
  ---------------------------- ---------- ------------ ----- ----------- ------------- --------- ----------
  (Intercept)                  −3.607     0.224        40    −16.137     \<2*e* − 16   −4.045    −3.169
  Trial                        0.008      0.076        120   0.108       0.915         −0.142    0.158
  Choice                       0.132      0.076        120   1.729       0.086         −0.018    0.282
  Aff                          −0.061     0.055        40    −1.105      0.276         −0.168    0.047
  Cog                          0.016      0.061        40    0.267       0.791         −0.104    0.137
  Trial × choice               −0.163     0.076        120   −2.129      0.035         −0.313    −0.013
  Trial × Aff                  −0.003     0.019        120   −0.146      0.884         −0.039    0.034
  Choice × Aff                 0.011      0.019        120   0.597       0.551         −0.026    0.048
  Trial × Cog                  −0.026     0.021        120   −1.228      0.222         −0.067    0.015
  Choice × Cog                 −0.006     0.021        120   −0.291      0.771         −0.047    0.035
  Aff × Cog                    −0.013     0.017        40    −0.748      0.459         −0.046    0.021
  Trial × choice × Aff         −0.022     0.019        120   −1.186      0.238         −0.059    0.014
  Trial × choice × Cog         −0.022     0.021        120   −1.068      0.288         −0.064    0.019
  Trial × Aff × Cog            −0.007     0.006        120   −1.253      0.213         −0.019    0.004
  Choice × Aff × Cog           −0.005     0.006        120   −0.815      0.417         −0.016    0.007
  Trial × choice × Aff × Cog   0.001      0.006        120   0.127       0.899         −0.011    0.012

Discussion {#sec13}
==========

The relationship between empathy and observational performance monitoring is the issue of an ongoing debate. One reason for the inconsistency in the findings ([@ref61]; [@ref3]) might be that empathy is relevant for only some cognitive and affective processes during action observation and that the processes required differed between previous studies. In the present study, we assumed that trait empathy would modulate the processing of observed responses in a task where participants were asked to predict the responses of an observed person under true- and false-belief conditions ([@ref37]). Using LME analyses, we found a relationship between a general measure of empathy and the processing of observed actions, as reflected in a negative mediofrontal ERP component, but not theta power (see [supplementary materials](#sup1){ref-type="supplementary-material"}). Participants with higher but not lower empathy showed larger ERP amplitudes to correct than error responses in 'trick' trials, where correct responses were unexpected due to a false belief of the observed person. On the contrary, higher but not lower empathy was associated with stronger responses to (unexpected) observed errors than (expected) correct responses in the true-belief ('no trick') condition. Affective or cognitive empathy did not significantly modulate the processing of observed responses.

Expectancy, empathy and the processing of observed actions {#sec14}
----------------------------------------------------------

In our previous study involving the same experimental paradigm, we have interpreted the negative ERP component as an indicator of the processing of unexpected observed actions ([@ref37]). This interpretation is in line with theoretical accounts of ACC function as well as ERP and neuroimaging evidence linking it to the processing of unexpected events in general, irrespective of their valence ([@ref33]; [@ref1]; [@ref23]; [@ref57]). It also complies with the firing pattern of single neurons in the monkey ACC, which have been reported to specifically predict another monkey's unknown decision ([@ref30]).

The present study provides new insights into the role of empathy in the monitoring of observed responses. We found a relationship between the mediofrontal ERP component and the EQ sum score, which is a general measure of empathy and comprises the factors 'cognitive empathy', 'emotional reactivity' and 'social skills' ([@ref41]). Only in highly empathic individuals, the observation of more unexpected responses yielded larger negative amplitudes than that of expected responses, in both the false- and true-belief conditions. This finding might suggest that empathy facilitates the generation of expectations concerning upcoming responses by an observed person, leading to stronger action prediction errors and, consequently, larger mediofrontal ERPs. A similar interpretation was provided by [@ref24]) who used EEG to examine the processing of target words that described where another person searched for an object. The N400 ERP component in highly empathic individuals (also quantified as the EQ sum score) reflected the degree to which the target word was processed from the described person's perspective in a false-belief condition. The authors suggested that empathy helped to overcome an 'egocentric bias' in the evaluation of the other person's action. A similar process might have occurred in the present study.

At the same time, this interpretation has to be treated with caution as our empathy measures were not consistent in pointing in this direction. We did not find evidence for a specific role of cognitive or affective empathy, as assessed by the IRI, concerning the processing of observed actions. This might seem surprising, given that cognitive and affective aspects of empathy have been linked to performance in false-belief tasks ([@ref11]; [@ref56]) and to ACC-driven prediction processes, respectively ([@ref44]).

On the one hand, the negative finding for the role of cognitive and affective empathy might mean that these processes alone do not modulate the processing of observed responses. On the other hand, there is some controversy in the literature about whether the IRI subscales 'fantasy' (contributing to the cognitive empathy score) and 'personal distress' (contributing to the affective empathy score) should be regarded as aspects of empathy (see [@ref60] for a recent summary of this discussion). As the authors have also highlighted, various studies across different countries have reported that only the 'perspective taking' and 'empathic concern' IRI subscales show strong correlations with the EQ. This might also be a reason why, in our analyses, we did not find any effects for the measures derived from the IRI, where we aggregated the 'fantasy' and 'perspective taking' scores into a 'cognitive empathy' score and the 'empathic concern' and 'personal distress' scores into an 'affective empathy' score. Furthermore, as [@ref39]) point out, the IRI subscales apart from 'empathic concern' might not even assess homogeneous constructs for themselves. For instance, both the 'fantasy' and the 'perspective taking' subscales might assess two subdimensions each: The 'perspective taking' subscale might encompass one more cognitive comparison component (understanding both sides of a story) and another more simulation-based component (putting oneself into another person's shoes). Only the latter might be relevant for the interpretation of the present findings. Also, [@ref39]) stress that the IRI subscales might comprise too few items (four each) to assess the underlying constructs in a stable manner. In contrast to this, the EQ comprises 40 items that assess the underlying construct of empathy in a fairly unidimensional manner. All of these factors might have contributed to the discrepant findings we have found for the different empathy measures.

Study limitations {#sec15}
=================

The main limitation of the present study is that the observation situation was not real. While we did not assess whether our participants believed to observe a real person, our experimental manipulation with the 'trick' and 'no trick' conditions was successful in inducing different expectations concerning the accuracy of the observed response. Furthermore, an exploratory analysis revealed that the expectations did not change significantly during the experiment, suggesting that the artificial observation situation and the 'unnatural' equal frequencies of errors and correct responses did not strongly affect the participants' beliefs.

A related point refers to the lack of a non-social control condition. While also other studies using false-belief tasks are lacking such a condition (e.g. [@ref24]), we acknowledge that our interpretation of the role of empathy would be strengthened if we showed that empathy modulates the processing of observed actions only in social situations.

Conclusion {#sec16}
==========

In summary, we showed that in a task with the specific requirement to predict an observed person's response under true- and false-belief conditions, trait empathy, at least as measured by the unidimensional EQ, affects the processing of observed responses, as reflected by a mediofrontal ERP component. Although our main interpretation is that general empathy can facilitate the generation of predictions concerning upcoming responses by others based on the other person's assumed mental state, the fact that empathy is not a unitary concept which is operationalized very differently by distinct questionnaire measures also has to be kept in mind on a cautionary note.
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